On the basis of mechanical tests and metallographic studies, strainrange 
One of the more successful phenomenological methods for predicting high-temperature, low-cycle fatigue life is the strainrange partitioning approach, which was developed at NASA by Manson, Halford, and Hirschberg (Ref. 
CYCLIC AND MONOTONIC DAMAGE MECHANISMS IN MAR-M2OO+Hf
The initial phase of this research included an extensive mechanical and metallographic study of directionally solidified MAR-M200+2%Hf, tested at 975 "C.
of strainrates, yielded strainrange-partitioned life data and stress-strain data in both the plasticity and creep regimes.
examination of test specimens revealed the damage mechanisms operating under the various strain conditions imposed.
Strain-controlled cyclic and monotonic tests, conducted over a range Subsequent microscopic
Monotonic Behavior
The tensile stress-strain response of MAR-M200+Hf material at 975 " C is represented by the curves in Fig. 1 . Examination o f the failed test specimens revealed three distinct damage mechanisms, depending on the region o f strain and strainrate.
Beyond the points of maximum true stress the stress-strain curves formed a set of more or less parallel, gradually decreasing lines. This region was governed by dynamic recovery of the material.
the maximum stress developed under a given strainrate.
region was bounded by the fracture strain, which was constant a t the lower strainrates which characterize creep, and decreased somewhat in the high-strainrate, plasticity-affected regime.
It was bounded on the left by
On the right the Plasticity was the dominant process at strainrates above 0.001 sec-1 in the region before the maximum stress was attained for the given strainrate.
Here the stress-strain relationship was independent of the strainrate at low inelastic strain. At these relatively high strainrates, dislocation locking akin to strain-aging did not begin to be felt until considerable strain had taken place under strain-hardening conditions. In fact, by the time strain-aging-like effects could take place in this range they were over-shadowed by the recovery process which eventually led to failure.
lower boundary of the plasticity region was defined by a time-constant, controlled by the material diffusion rate.
The
Dislocation generation, pile-ups and interactions, causing a hardening effect, dominated the low strainrate, low strain region of the stress-strain curves. At low strainrates, low to moderate stresses developed due to dislocation climb and diffusion processes in the material. the low energy levels involved here were over-shadowed until substantial strain had been achieved.
by continuing dislocation locking, with the result that as strainrate decreased the strain to achieve a given stress increased, until sufficient strain had accumulated so that recovery became the dominant cause of straining.
Recovery rates at
The diffusion processes were increasingly inhibited
Thus an area where time-independent strain occurs at high-strainrates prior to initiation of the recovery process, and a region of time-dependent deformation at more moderate strainrates, were defined. Time-dependent deformation is caused by dynamic recovery in the material, evidenced as straining initiated at moderate strainrate and again when failure is approached. Between these extremes dislocation locking mechanisms retard deformation and lead to transitory hardening of the material. These characteristics of monotonic straining have been emphasized because of their significance relative to cyclic response.
Cyclic Behavior
The cyclic response curves obtained under symmetrical strain-control ( R = -1) were unique functions of loading frequency, which was constant throughout each cyclic test.
hysteresis loops resulted, bounded by common tensile and compressive inelastic stress-strain curves, regardless of strain amplitude, for both PP and CC tests ( for Udimet-700, as well as for 316 stainless steel. apparently the result of relaxation of dislocation back-stress and pile-up during reverse loading, so that, following each load reversal, the material responds as if it were virgin material. In this respect, the cyclic response i s quite different from monotonic behavior, a fact which will be important when fatigue life prediction is discussed in the next section.
STRAINRANGE PARTITIONED LIFE PREDICTION
The crux of the study of constitutive behavior of materials is its use in predicting failure. This objective has seldom been achieved (cf. Ross (Ref.
reviewed as the basis for the proposed method for predicting fatigue life from monotonic stress-strain behavior.
The key to cyclic-creep life prediction is to be of the cyclic and monotonic stress-strain response i
found by interpretation terms of the controlli deformation process.
deformation is defined by the negative slope of the stress-strain curves in the high-strain region, and by a line which separates the plasticity and It was stated previously that recovery-controlled dynamic recovery regimes at low strains.
diffusion energy relation.) The hardening process which occurs at low strains can be described as a family of curves emanating from the recovery initiation line and intersecting the recovery curves at strains corresponding to the maximum stress developed at each strainrate.
two families of curves which represent the controlling processes, i s significant when attention is turned to the cyclic loading case.
(These curves can be related to the recovery mechanism appears to be coarsening of y ' precipitate particles (Ref. 10 ). Although at higher stresses failure occurs after plastic deformation, it is still due to recovery. However, here the recovery 6 Very low frequency tests underwent hardening similar to monotonic
The fact that this point falls
The mechanism is dissolution of y ' , and ductility is reduced as a result of the earlier plastic deformation.
developments is given in Ref. 
Lifetime of strainrange parti tioned tests conducted under constant strainrates are shown as symbols in Fig. 4 
n d i t i o n s i n t h e d i r e c t i o n a l l y s o l i d i f i e d m a t e r i a l (Manson and H a l f o r d ( R e f . 1 4 ) ) . I n a l l cases d e t e c t a b l e f a t i g u e cracks developed o n l y d u r i n g t h e l a s t 20 p e r c e n t o f t h e c y c l i c t e s t s .
d u r i n g which t h e t e n s i l e phase was a t low s t r a i n r a t e (CC and CP) t h a n i n those w i t h h i g h t e n s i l e s t r a i n r a t e (PP and PC).
Somewhat more o x i d a t i o n o c c u r r e d on t h e c r a c k f a c e i n t e s t s C o r r e l a t i o n o f c a l c u l a t e d r e s u l t s o b t a i n e d from Eqs. ( 1 ) and (21, and
shown as curves i n F i g . 4, w i t h CC, CP, PC as w e l l as PP d a t a i s e x c e l l e n t . respectively.
CP AND PC LIFE PREDICTION FOR OTHER MATERIALS I n d i r e c t i o n a l l y s o l i d i f i e d MAR-M200+Hf m a t e r i a l , CP and PC f a t i g u e l i f e was dominated by t h e creep l o a d i n g . More i m p o r t a n t l y , t h e p l a s t i c i t y h a l f o f t h e s t r a i n c y c l e d i d n o t s i g n i f i c a n t l y a f f e c t t h e response o f t h e creep h a l f o f t h e h y s t e r e s i s l o o p . A s a r e s u l t , t h e creep parameters remained t h e c o n t r o l l i n g f a c t o r s i n CP and PC l i f e . However, i n o t h e r m a t e r i a l s t h e e f f e c t o f compressive p l a s t i c i t y on t h e subsequent t e n s i l e creep h a l f -c y c l e , i n a CP t e s t , and o f compressive creep on subsequent t e n s i l e p l a s t i c i t y i n a PC t e s t , must be q u a n t i f i e d i n o r d e r t o p r e d i c t CP and PC l i f e t i m e s from t h e Universal-Slopes Equation. The a p p r o p r i a t e values o f uu and EU xmay be determined from t h e t e n s i l e ;ide o f o n e -c y c l e -t o -f a i l u r e t e s t s , i n which compressive s t r e s s and s t r a i n e q u i v a l e n t t o t h e n e g a t i v e o f t h e maximum ( P or C) s t r e s s and s t r a i n a r e a p p l i e d p r i o r t o t e n s i l e (C
other elevated temperature materials.
The validity o f this approach was investigated for a number of
COMPARISON BETWEEN PREDICTED AND EXPERIMENTAL SRP LIFE
The key to cyclic life prediction for MAR-M200+Hf at elevated temperature was perceived by interpretation of the cyclic and monotonic mechanical response in terms of the controlling mircostructural processes. When the interaction o f dynamic recovery and strain-hardening processes was understood in terms of the microstructure, a method of life prediction evolved.
Clearly, in other materials different chemomechanical processes may be responsible for strain hardening. However, the significant point is that cyclic strength persists as long as the hardening process, whatever its cause, dominates the deformation. When the hardening mechanism is superseded by recovery processes, both monotonic and cyclic resistance are essentially exhausted. Thus the stress and strain parameters obtaining at the point of mechanism-change in the monotonic test are also the controlling parameters for estimating cyclic life. These parameters are the true stress and the corresponding true stra n in the plasticity and creep-range strength tests.
Evaluating these pa ameters in the plasticity stress-strain curve is straight-forward. However, they must also be ascertained for the (unknown) strainrate at which the full creep capability of the material is realized. In principle the required stress-strain curve is that for which the ultimate stress corresponds to the proportional limit stress o f the plasticity curve.
In practice, the correct curve may be better determined by taking some small plastic strain such as the 0.1 percent offset as the limit, instead of the proportional limit (Fig. 1) .
In order to test the val For each material a series of six stress-strain tests were conducted under strain control at the appropriate temperature. The six tests consisted of:
1 . High-strainrate test to define p1asticit.y parameters;
2. Moderate-strainrate tests to define the creep region upper bound;
3. One-cycle-to-failure tests (one CP, one PC). Strainrates and compressive strain limit were as defined by the previous tests, so that appropriate &U-strains were achieved in compression, and creep-phase strainrates were at the plasticitylcreep boundary.
Fractography performed on two o f the materials tested (Figs. 5 and 6) indicated that the failure-surface characteristics of the one-cycle-to-failure CP and PC tests corresponded to those of the tensile creep-range and plasticity-range failures respectively. Stress-strain curves for the materials tested are presented in Fig. 7 , and parameters used in order to define the plasticitylcreep boundary are shown in Fig. 8 . Values of stress and strain parameters obtained from these tests f w use in the life-prediction Eqs.
(1) to ( 4 ) are tabulated in Table 1 . Values for MAR-M200+Hf are also included for completeness. Total strainrange against lifetime curves for the four materials calculated with the aid of Table 1 few as six stress-strain tests.
Comparison of predicted lifetimes with experimentally determined fatigue
The parameters can be evaluated at a given temperature by as lives for four elevated temperature materials demonstrated that the principles on which the prediction method is based are sound. 
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Abstract
On t h e b a s i s o f mechanical t e s t s and m e t a l l o g r a p h i c s t u d i e s , s t r a i n r a n g e p a r t it i o n e d l i v e s were p r e d i c t e d by i n t r o d u c i n g s t r e s s -s t r a i n m a t e r i a l s parameters i n t o t h e U n i v e r s a l Slopes Equation. T h i s was t h e r e s u l t o f c o r r e l a t i n g f a t i g u e damage mechanisms and d e f o r m a t i o n mechanisms o p e r a t i n g a t e l e v a t e d temperatures on t h e b a s i s o f observed mechanical and m i c r o s t r u c t u r a l b e h a v i o r . C o r r e l a t i o n between high-temperature f a t i g u e and s t r e s s -s t r a i n p r o p e r t i e s f o r n i c k e l -b a s e s u p e r a l l o y s and s t a i n l e s s s t e e l s u b s t a n t i a t e d t h e method. Parameters which must be e v a l u a t e d f o r PP-and CC-l i f e a r e t h e maximum s t r e s s a c h i e v a b l e under e n t i r e l y p l a s t i c and creep c o n d i t i o n s r e s p e c t i v e l y and corresponding i n e l a s t i c s t r a i n s , and t h e e l a s t i c modulus. For p l a s t i c i t y l c r e e p i n t e r a c t i o n c o n d i t i o n s (PC and CP) two more p a i r s o f s t r e s s -s t r a i n parameters must be a s c e r t a i n e d .
